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BACKGROUND OF THE INVENTION 

me pi-tioCTiiu V 

. .^^..^^p, r^^r-l"-! r-nl ;:;rl V ^ a S eiU i C OndU C t O T 
SeiTliCUliUUL. LuT vac:vj.<_c^/ ^u*-^.w*w^-- j 

device equipped with MOS transistors. 

5 Silicon oxide is a material having excellent 

. ^^^,r.^.v-^T . fp;:^i-nrinq a bandaap of as large 

as 8.0 eV. Thanks to its high insulating performance, 
this material has been dominantly used for insulating 
film.s such as gate insulators and layer insulators in 
10 semiconductor devices. 

In recent years, however, wath 
miniaturization of semiconductor devices, thinning of 
the gate insulators has become an essential 
requirem.ent, and oxide films with a thickness of less 

15 rhan 3.0 nm have come to be used as such insulators. 
Decrease of insulating film thickness to less than 3.0 
nm entails an inegligibly high rise :-f tunneling 

current and power consumption. 

20 It is known that tunneling current can be 

classified roughly into two types: Fowler-Nordheim 
tunneling current (FN current) and direct -unneling 
rurrent iDT current) . FN current is a current which is 
caused to flow as the electrons tunnel the triangular 

25 potential produced as a result of distorti-n of the 



energy barrier by an external electric field. DT 
current is a current which is caused to flow by 
tunneling of the electrons directly through the oxide 
films . 

^ 4-v.-.h ^HpsMv FN curient 

5 It has oeen (ii^dl,^^^-^ 

v>w iicir^a rhe WKB 
and DT current can ac^xxic^ 

(Wentzel-Kramers-Brillouin) approximation according to, 
for example, the equation (Al) on page 354 of IEEE 

^.r.-n-nrM nwirR. Vol. 46, No. 2, making 

10 use of energy barrier between electrode and 

insulating film. 

Rise cf tunneling current by the thinning or 
silicon oxide gate insulators is primarily attributable 
to the increase of DT current. There is a concern that 
15 when various types of high-permittivity material are 
used for the gate insulators, the leakage current 
density may elevate sharply depending on the producing 
metnod of gate electrodes or gate insulators. 



SU-a-IARY OF THE U^ENTION 

provide a semiconductor device equipped with MOS 

transistors having hign-permituxvx.,- 

in which the leakage current flowing through the gate 

insulators is restrained. 

, ,, .v-..^v .--F -Hp r-P'^pnt invention is to 

provide a semiconductor device whicn can be driven at 
high speed with low power consumpti: 



The present invention provides a 
semiconductor device comprising a semiconductor 
substrate, gate insulators formed on said substrate, 
and gate electrodes formed on said gate insulators, 

. , ,,uA^^r. o>^^ -r.-ri TTia"^T 1 V composed of 

5 said gate inbUlaLOL:::; v^a^^^^ - r 

. „ • ^ ovi i^^, hafnium oxide or 
titanium oxiae, z.±^<^^--^^^- ^-f 

titanium oxide having a rutile type crystal structure, 
and in which compression strain is produced, and said 

, ^^n^rnPd With MOS transistors. 

semiconaucLUL ucv^^'- --i--r-i — 

-IQ The present invention also provides a 

semiconductor device equipped with MOS transistors 
having titanium oxide gate msuiatoi^ d.^t^^.e. ^ 
the semiconductor substrate and gate electrodes, 
wherein the main crystal structure of said titanium 

, _ v> >- r> H n d in the 
15 oxide is anatase type, ana Lne ^.ra.:. k^-- 

channel region of said semiconductor substrate is 
tensile strain. 

BRIEF DESCRIPTION OF THE DRAWINGS 

v,,.v-*--; - <= i mal view showing 
FIG. 1 is a schemati'- se'-t j. jncix 



according to Example 1 of the present invention, which 
view was taken along tne i-ii« — 

FIG. 2 is a top plan view ■: f the principal 
part of the semiconductor device according to Exam.ple 1 

^ ^L.^. ^ v-^ c- .^-r, 1- 1 n\7pri t i on . 

FIG. 3 is a schematic sectional view of the 
pr:ncipal part of the semiconductc r device according to 
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1 of the present invention. 
'^ ^^^^^ ' , .3 also a schematic sectional v.ew o. 

..e principal part of the semiconductor device 
^ , . present invention. 

.„^^-;r^a tn Example i — f 

.^v ^v^owinn strain ucf------ 

VTG. 5 is a grciph o n. 

D '■ . ^ ^ i F y aroo 1 e 

. ^nrii^ type titanium u/.x^o - ■ - 
of the bandgap of rutu- -it 

. the present invention. 

^ . a .raph showing strain depenaence 

TTTG. 6 is d grapi. 

r.,.pp titanium oxiie m 

,f the barrier height or lu.-.. ^.P- 

. 7. of the pre^*=uu ^ 

strain depenaence 

PIG. 7 is a graui. ox.-.. — . 

t-vDe titanium oxide 
lea>-ag- current of the rutile type 

. Example 2 of the present invention. 
,ate insulator m Exam^ple ^^^^^^^^^ 

FIG. 8 is a graph sncw.ng s..a. 

. of zirconium oxide in Example 2 of the 
15 of the bandgap of ^ir^-n 

^v-cppt invention. 

P^'^^^ . .train dependence 

9 IS a grapn sh,..-.^ --r 

? r.f the 

of ..e bana,ap of hatn.u. c«de .x„,... - - 

present invention. ^ . . „et.onal v.ew of the 

in i=; a schemdLi-- 

-v-t- nf th"^ semi'-uii^"^— - ■ 
principal part ot tn- 

1. of the present invention. 
Example 3 or tae . . -r- c ^ ^hc 

-, a flow charL. 

FIGS. IIA 

- ^ = 1 r>prt of the 
.-^.„.inq the princLpax p^.i 
process for m.anuf cic.-^ ^-J 

V, - r. FIG. 10. 

25 semiccnductcr device s... 

FIGS. 12R to U- are 

... ,„ce3= .0. .anufact..n. the ..no.ai pa. of .e 

^ n., TTG. 10. 

semiconductor device su.wi. 



- 5 - 



13 is a schematic sec..onal v.ew of the 
.,.t of the semiconductor device accord.aa to 
Talpll . Of the present invention, which vrew was 

. , . 1 Ii_A' of FIG. 14. 

haVftn along tne xxiie - 

- - ; „ ^ +-^-p Dian view ui i---- i- --- 
FIG. 1^ ^ "'^P ^ 

1--^ Fxaraoie 4 
part of the semiconductor device aco.r..... - 

of the present invention. ...wino 
FIG. 15 IS a schematic sectiona. ^^^^ ^ 

^ .n. semiconductor device 

^v,e =.ectional structui^ '.^ ^ 

. ^v.mn^e 5 of the present invention, 
nn according to £.xaiupx^ - - _ 
^' ' .... .1,.=^ lavout of the principax 

PIG. J-0 f -- . 

p,,, of the semiconductor device according to E.a.ple . 

of the present invention. 

^^^r-h nius-ratina tensile 
PIG. 11 IS a graph xiiu^- 

^ ncP o- ^h- bandqap of titanium oxide. 
15 strain depenaence o. 

PIG. 18 is a graph illustrating tensile 

barrier height of titanium 
strain dependence of tne oarri 

oxide . 

19 is a graph illustrating tensi.e 
.....H.nce of the leakage current density of 

barrier height ot tiLai.xui. 

PIGS. 20A to 20F show a flow chart for 

. .^^,„.^.. riPvlce accoramg -/—'re- 
producing the semicon.u.-.-.^ 

^. of the present invention. 

" " ' • ^--i-irnal view showing 

FIG. 21 is a schematic sectional 

the sectional structure or .ue 

^ i'h.^ r-rp^ent invention, 
accordma to Example b o. the pie^e. 

. ...ematic sectional view showing 
FIG. 2/ ^ .-3-_x.c.aci u 
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the sectional structure of the semiconductor dev.ce 
to Example 7 of the present invention. 

^ ^^...^.r.rpTnM nv THE IN^v^ENTION 
DETAILED Ut.::3ur.xr x -l^.. - 

• ^ ^ •; r;,-^r>i- Pi i r D 

+-.ir>ncMna current ^ii'^^^^ 

Tne rise — 

• 1 -.4- ^v-c is mostly 

5 thinning of the silicon oxide gat. in=... 

attributable to the increase of DI current, so, it is 

-inr-rppse of DT current oy 
suaaested to restrain the increase 

^ .^„„^,^nr-. while maintaining the 
thickening the gate xn^u.^.^^^ « 

Hv nsina titanium oxide, 
dielectric piui^cj- ~j 

,,. ^v-iHP having higher 
10 zirconium oxide or na^.ix^i.- . 

permittivity than silicon oxide for the gate 
insulators. For example, supposing that the 

... „. .'-a-.-is. oxide and silicon oxide 
pei-niittivities of .-.a....... 

.0 and 4.0, respectively, the titaniu. oxide fU. 
15 of 30 ™ thicK will have the dielectric properties 

equivalent to a 2 n., thicR silicon oxide film. Thus, 

the said titanium oxide film ot nn. ....K - 

J i.v,T^vrPs=: ^^f 2 nm. The 
t,-. have a silicon oxide reduced thi.Kne.. 

....... .... thickness 30 nm is railed physical 

20 thickness. 

■ . V ^ rrv--r^r'n^ ^"^-ivity materials 
In use cf saia high perm.^--v i 

YY^^r^- has been a problerci oi 

for the gate insuxaLorc:, 

-.„,ble exponential increase of leakage current 
density depending on the method of producing the gate 
■,5 electrodes or gate insulators. 

The present inventors have pursued studies 
for solving the above problem and, as a result. 



1 



disclosed the .echanis„ that causes an exponential 

the density of the leakage current flow.n, 
riu^h the ,ate insuiators dependrn, on the .ethod of 

^o- "r '-'^tP insulators, ana 

nroducing the ga^e 
5 its countermeasure ^cv^.-a , 

eirO^odied as the present invenriou. 

This mechanism .s su:nmarized as follows. 
Bependxn, on the .ethod of for.an. th. - 

' . ., ^-....^^-TTiirtivitv film 
gate insulators, the tormeu ii... -- - 

. state of tensile strain, causing a reauctiCi 
10 assumes a stdLc - , . ^ .up 

^^ir. bandqap while raising .-e 
of the high-permit Lxvxu, 

tunnei.h„roha.iiitV to increase 

„rder to soi.e these prohie.s. the se^rconouctc r . vrce 

■ TP pr-b-'iiment thereof, 

of the present xn^.e...^c.i, 

cpTni-"lu-tor substrate, gate insu.arors 
15 comprises a semi^^^^iu-- ...^^d-r 

-1 ^^tA pipctroaes foiit.ca 
formed on this substrate and gate e.e. 

. ^ A^^^^^?itr.rr which ar- 
said insuiators, saia gate .i.o.la.-^- 

^ . , f-om titanium 

primarily co-posed of a .aterxai 

oxide, zirconium oxide and hafn.u. ...de 
„„ ,„r comoressiye, strain iS produced, and 

said semiconductor device 

+- ;^ sns i s t o r 5 . 

;_„^„^^..r df^vice :'f the present 
The seitu^uii^^^---- 

n tr- anrther embodiment thereof 
invention according to an.tne. 
a. comprises a se^conductorsuhstrate, .ate i^ul.^^^^^^ 

' -r, =;a^d =ubstrate, ant; 

formea on sa^-u ..ujj-t. ^ 

.a ..^s-iai-ors which are mainly 
said insulators, said gate ..s..a_. 

. .^.^e hav.na a rutile type -rystal 
composed of titanium ux.^e . . 



ana in «nic. compression s«a.„ proauoa., 

<.„.a,.ctor device equipped with MOS 

ana sdxu ow--' 

transistors. 

se.xconductor device of the present ^ 

5 invention according -- 

..rises a semiconductor substrate, ga.= 

^ H a.te electrodes formed on 

o-nri substrate and gate eiecuj- 
fnrmed on s<sid suDsuj-a 

• • •.j.-P in-^ulators which are 
said insulators, saxa ga.e m.u 

_ .-.vidp having a rutiie 

primarily composed ot txt.n.... ^- 

^' which compression .trax. 

rrystal structm^ — 
"'"^ ... „.^..^n^ device equippea 
produced, and said seiui.u.. 

:;_, «0S trans.stors ^ -^"^^^ 

.aterrai oi sard ,ate eiectrodes has a greater 

. . . -ha- -a^d titanium oxiae. 
PXDansion c-^e^-^-- 

semiconductor device according to y.. 

.t of the present invention comprises a 
another embodiment of tne p 

, . ,.a- insulators formed on said 

semiconductor substrata, .a.- - 
substrate and gate electrodes formed on sai. 

atcrs said gate insulators which are primarily 

.<ide having a rutUe type crystal 

structure and m which compr.=... 

. .,du~tor device equipped with MOS 
and said semicor.da...tor a- 

transistors. 

■ .n,i-o-d.^ctor devices according to 
In saia semi-CirO-o-- 

..^h =aid insulatDr comprises a 
9S the present mve.r.^- ,„priv^nq 
l^nainlV composed .:f silicon oKia....-- 

H f a material selected from titanium 
film CDmcosed cf a materia 

o,,,e. Zirconium o.ide and hafnium o.ide. 



ne present invention co„r.s.. 

3„pof «,ate structure 

. ,^ ..^r^P having a ru.^^- 

t on one prxii--i:^-^ 
c:. bv depcsitmg x- ^.v-rr^^na aate 
■ ;.„.conaucto. substrate, an. tne step • 

— - :;::seion.cto. 

Another en^odime.. 
...... ,.oaucin,.et.o.accot..n, - ^^^^ 

-v..r^ of forming gate 
10 mveuu-w. -o . ^^^^^^ depositing i^^ 

.opposed of titanium u..-^- ' 

, , of the semiconductor sutst.... 
one p.xncipal surrace of .h, ^^^^ ^^^^^ 

^SO'^C or above, cm 
CVD a. a temperature of ..^ulators. 

, f i ■'-Tiq nn saia gate i-i^^ 
aate electrode fixxs ^ 

^ :n still another emL-oiiment of the 

, devic. producing method according to .he 
semiconductor devic. ^^^^^^^^^^ ^^^^^^^^^ 

4- ^ ^T>, -^-h^ said ^^^-^ 
present invention, - .nmoosed of 

. , the step of forming a fUm mam.. 
comprises the step silicon 
H step of forming on .his 

.,l:...oose. an o«ae .ate.iai 

-----"""r:::r:::::i;.c..poseao.a 

■ ^ .-vine, zirc-jnxL...^ 
selected from txta,..- 

■nafn.u. o.lde. ^ tc yet 

,,.,,„nti=n.o.pr.sesa 

^,^,ther errtoodiment o. ^' 

MPS transisnorb 
----- ..suiatots ana ,ate 

said substrate and having gat. 
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.lectrod.s for-ed thereon, -herein a first MOS 

, a cate insulator ■nalnly co:.posed or a 

material selected fro. titani™ oxide, zirconiu. o«de 

and hafnium oxiae, ai.- ^ , 

, v^-v- --^nfent of sil-^^'^'^i o.^^ic.-. 
S aate insulator wiai a .^^^ - 

I. is preferable that the gate msuxator 

MOS transxstor is .ainly exposed of silicon ox.de. 

in said semiconductor device, said first hoS 

V. . t^an==^stor used for the calculators 
transistor may be a tran^.o..^ 

.o^nr.d MOS transistor may oe a 
10 or memories, anu ^a.^ 

transistor used for I/O. 

It is preferable that each of said MOS 

= Tirq transistor having a gate 
transistors comprises a M'.S tran.is 

cr.-^ -f c;iii,-on oxide, anl a gate 
insulatcr mainly composed sili-o 

• 1 r.-<Tr,msPd a hiah-permittivity 
insulator mainly composed ..^ d 

i,hi,^P diel'-ctric constant or or 
material having a relative diei-c. 

more. 

•^^rriiirfor device according to stiii 
The semiconduccoi uevj.^ 

4- f t-hP r.re^^nt invention comprises a 
another embodiment of the pre.-nL 

. c.v^.trate, oate insulators formed on said 

substrate, and gate eleciro.e. ...^u.. - 

I...lators, said gate insulators which have a multi- ^ 

. , , „-i of q material seiecteu 

layer structure mamiy ccu^v.o-^ ^- - 

■ nvirie zir->nium oxide and hafnium oxide 
fi-.-^m titanium oxide, 

L in Which expression strain is produced, and .aid 
semiconductor device equipped with «0S transistor:,. 

.„^t-,r devi-e according to the 
In the semiconduut'jr aevi-e 

._e-i?tor is composed of 
present invention, the gate xns.^atD- - 
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titanium oxide, zirconium oxide, hafnium oxide, 
tantalum oxide, or a laminate thereof, and the state of 
strain in the gate insulator is mostly compression 
strain, so that it is possible to prevent the reduction 

r __,fr w ^ ^. ,^ ;:^ ^ d ^ "t"h'^r^by minimize the tunne! incj 



Further, by incorporating a structure in 
which the leakage current is hard to flow, it is 

r.r>cce-iKio +-0 nrn\7idf^ a s em i conduct or device with high 

^ ^ O l-J -I- J.^ -U. V- ^ ^ 

10 reliability or a high yield rate. 

It IS known that titnaium oxide takes two 
types of crystal structure, rutile and anatase, 
depending on its production method. For example, in 
Table 1 cn page 38 5 of 1MB Journal of Fiesearch ana 

15 Development, Vol. 4 3, No. 3, it is shown that, as 

determined by CVD (chemical vapor deposition) method, 
titanium oxide takes the anatase phase at deposition 
temperature of 465°C or below, an anatase and rutile 
mixed structure at 55C'^C and 620°C, and the rutile 

20 phase at 660°C or above. It is also disclosed that 

rutile type. Thus, use of rutile type titanium oxide 
tor the conventional gate insulators is proposed 
because of better thermal stability cf rutile type 
25 titanium oxide than that of anatase type. 

J r\ the cori'/P n t i ona 1 ssmico-'-ductor -it^vicss, 
however, if it is tried to satisfy both requirements 
for high speed and low power consumption, tensile 



strain is produced in the channel layer, and further, 
it is necessary to take a structure in which rutile 
type titanium oxide is used for the gate insulator. in 
such a structure, since the channel layer is placed 
under tensile strain, the leakage current flowing in 
the aate insulators increases, consequently Cciu^ing d 
hike of power consumption. 

Studies on this matter by the present 
inventors led to the elucidation of the mechanism of 

increasing Lne ucn^-Luy ^j. ^^aKd.^^, ^^^^^.^^ 

the rutile type titanium oxide gate insulators as a 
result or imparracicn ui LtJUixxt; Du^axii ^^^^ u.x-^ ....^....^^ 
layer. That is, according to the disclosed mechanism, 
as tensile strain is given t:- the channel layer, there 
is also produced tensile strain in the rutile type 
titanium oxide gate insulators, causing a decrease of 
the bandgap of the rutile type titanium oxide film 
while raising the tunneling probability, resulting in 
increased leakage current. 

So, the present invention further provides a 

semiconductor device incorpc rates MOS transistors 
having titanium oxide gate insulators mtcrpcsed 
between the semiconductor substrate and gate 
electrodes, wherein the main crystal structure of said 
titanium oxide is anatase tyce, and tensile strain is 
given to the channel region of said semiconductor 
substrate . 
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By adopting anatase type for the main crystal 
structure of the titanium oxide gate insulators, it is 
possible to make the gate insulator bandgap greater 
than when rutile type is used. Also, even if tensile 



b strain exerted tc 



.^^-^ : -.v.^-,c^r- t-w-r>o ic rfr-cp^pr than that lu the 
oanagap unc an^a^^ ^jt^^ -o 

rutile type, it is possible to prevent the rise of 
tunneling current which would be caused by tensile 
strain, allowing a reduction of leakage current and 

10 realizing high-speed and iow-power-consumption drive of 
thp semiconductor device. 

In the above embodiments, preferably a 
silicon oxide film or a titanium silicate film is 
disposed between the semiconductor substrate and the 

15 titanium oxide gate insulator. 

Also, in either of the above embodiments, 
preferably the gate electrodes have a phosphorus- or 
boron-incorporated polycrystalline silicone film, and a 
silicon oxide or titanium silicate film is placed 

20 between the gate electrodes and the titanium oxide gate 



Further, in either of the above embodiments, 
preferably the gate electrodes comprise a tungsten 
film, molybdenum film, tungsten nitride film, tungsten 
bcride film, tungsten silicide film or a laminate 
thereof . 

Still further, in either of the above 
emlDDdim.ents, preferably the gate electrodes comprise a 
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ruthenium oxide film which is in contact with the said 
titanium oxide insulating film. 

In the MOS transistors mentioned above, the 

- V ■ . ^--r rn^ p^g = = 3^ i Iv be made of metals; they 
eiectroaes Ttiav nou iiev,«--a- -j-j 

5 may be made of polycrystdixxiic 

4- -.-Qr^ c 1 c-t-or ran be used 
suitable material. me^e r.v^o - — 

similarly to the conventional field effect transistors. 

NOW, the embodiments of the present invention 
are described m detail with reference to FIGS. 1 to 14 
10 of the accompanying drawings. 



HiAaiLLpxc: J. 



FIG. 1 is a schematic sectional view showing 
the structure of the principal part of the 
semiconductor device according to the first embodiment 
15 (Example 1) of the present invention, which view was 
taken along the line A-A' of FIG. 2 which shows a 
planar layout of the device. In the semiconductor 
device in this embodiment, as xxxu.-,..a.e^ ... . - 
element separating film 102 made of, for example, 
90 silicon oxide is provided on the surface of a P-type 

Silicon SLlUbL^auc; -Lw^ 

or domain 103. N-channel MOS transistors are provided 
in said element forming region 102. 

Each MOS transistor has a gate insulator 104a 
25 and a gate electrode 105a and is flanked by a side wall 

^;i-;,^/^T^ r^T-hri Hp t Gate 
lOea made of, tor msrance, sxxx._w.. J- 

insulator 104a is mainly composed of titanium oxide 
having a rutile type crystal structure, and gate 
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electrode 105a comprises, for example, a 
.....rvstalUne sUicon fil.-, a th.n metal fxlnw a 
,etal sxlicide fxim or a laminate thereof. 

Each MOS transistor also has an N type 

5 source/ ardxH s^x------ 

aligned to the gate eiectroae ... 

ai«.sio„ U,e. :0S .o.»ea as seu-augne. 
„ ..e element separating layer 102 and gate electrode 

105a. . . 

^hP surface of this semiconductor aevice 

10 . , . , _p 

, . , .^.niatina filn: 109 m wr.iLh a. - 
is rroviaea d xajio- 

-.r^ holes 110 which reach the N* type 
formed contact noies 

source/dram diffusion layer 108. 

supposing that the thickness of the rutile 

^ _ „ ^, -J ^ h o 

1= ^.,,0- titanium oxide gate msu.a.or 

permittivities o£ rutile type tltaniu. oxide and 
3iiiccn oxide are 60 and 4.0, respeotively, then the 
eiiicon oxide reduced thicKnes. ...e 

provided that they have the sa.e dielectric 
L........ That IS, the said ru.Ue type citanium 

oxide gate insuiatoi nao ^ r-.-- 
and a reduced thickness of 2 nm. 

ch^ain of the said qat^ 

-.-iSfi IS comr^ressive . 
insulator lC4a made of titanium .-ide 

,3 Thus, in the semiconductor device cf the 

P.e^ent invention, since the gate insulator :04a is 

^i-;,nium oxide which is a high- 
composed of rutile type ti.anium 

, ... possible to make tne 

permittivity materi^^, - 
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physical thickness of saxd insulators greater than when 
silicon oxide is used, thereby preventing DT current 

from flowing. 

The bandgap of the gate insulator becomes 

.^T whpn tensile 

5 greater than when no buia-Lii ^^.^^^^ 

r^y^ ^^i^>-rT^H ba^daaD reduces tne 
strain is tormea. ihc c.^-ca.^^^ ^^-^-^^ . 

probability of electrons to pass through the insulator, 
thus holding back the rise of leakage current. Also, 

„..^^T,. i-,.r^o tii-anium oxide, there can 
because ot use oi j.uuxx^ u^^- 

10 be obtained a gate insulator which is thermally mere 

.V... ,.,>..n ^natase type titanium oxide is used. 

Further, as shown in FIG. 3, a single layer 

or more layers of insulator 111 made of silicon oxide, 

silicon nitride, silicon oxide nitride or the like may 

15 be formed between the silicon substrate 101 and the 

gate insulator 104a. In this case, however, the 

thickness of such an insulator is preferably not 

greater than 0 . 5 nm for obtaining high permittivity of 

the gate insulator. 
,n The gate electrode may be formed in two or 

more layeib \c.y- ---- 

The foregoing explanation concerns the 
embodiments where titanium oxide was used for the gate 
insulators, but the similar effect can be obtained by 
25 using zirconium oxide or hafnium oxide. 

of the 

FIG. b depiCuS sui-axii ^^^^ 

bandgap ot rutile type trtanrum exile. Here, positive 
strain represents tensile strain and negative strarn 



- 17 - 

represents compressive strain. It is seen from FIG. 5 
that the bandgap of rutile type titanium oxide 
decreases with rise of tensile strain while increases 
with rise of com.pressive strain. 
5 Strain aepenaeaL:e l-h^ ^^.^^^^^-^^ 

, , • ^ ^ j=^.^rv, -^up -F-i -^Q^-r^v-inr i Dies band 
FIG. b was aeteiiuxntia i.rv^m u^^c. ^^^^^ jr-- 

calculations. This first-principles band calculations 
are a method in which, as explained for instance in 
iwanami Koza Modern Physics 7 "Solids - Structure and 
10 Physical Properties" (Iwanami Shoten, 1934), the 

Schrodinger's equation relating to the electrons m a 
solid is solved and the energy band of the electrons is 

calculated. 

The "bandgap" is the energy difference 

15 between the upper edge of the energy level (valence 

electron band) occupied by the electrons and the lower 
edge of the energy level (conduction band) not occupied 
by the electrons. The greater the bandgap, the higher 
becomes the permittivity, hence the more restrained is 

20 the current flow. According to the density functional 
"cneoiY/ L^iic ^d-^^uL^L^ ^ 

underestimated in comparison with the experimental 
values. In our calculations, therefore, zhe calculated 
values of bandgap were corrected according to the 

25 experimental results. 

tiG. 6 shows strain dependence of the barrier 
height of rutile type titanium oxide. Here, positive 
strain represents tensile strain and negative strain 
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represents compressive strain. Assuming that the 
barrier height ( O is proportional to the bandgap 
Eg (£) shown in FIG. 5, it was calculated from the 

following equation (1) : 



= ( E = 0) 



E^g I, <■ J ' V 



= u I 



(1) 



cD,p. (£ = 0) IS the barrier height when there exists no 

, r-^^ 1-,-. b^ 1 . 0 eV. The 

strain ( £ ) , and it was nere ^uumwo^^ 

obtained value is the barrier height of rutile type 

^v.a hnik Which has been obtained in 
titanium uAx>ac wj. 

10 the experiment. 

It is seen from FIG. 6 that the barrier 
height of rutile type titanium oxide decreases with the 
rise of tensile strain but increases with the rise of 

compressive strain. 
,s It is preferable to use the following 

equation (1') in place of the equation (1) for making 
calculations with higher precision. 

cp.-^ ( £ ) =1/2 (E;' ( £ ) - E,/M ) 

E,"" : banagap uj. oj-xx^w.., 

20 FIG. 7 depicts strain dependence ci the 

leakage current of rutile type titanium oxide. (Silicon 
dioxide reduced thickness of rutile type titanium oxide 

= 2.0 nm; applied voltage = i . o..a... 

the leakage current density shown m FIG. 7 was 

25 determined from the relation between the probability of 
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the electrons to tunnel the xnsulating fxlm and the 
.t.axn bv using the WKB approximation, as explained xn, 
for instance, IEEE TRANSACTIONS ON ELECTRON DEVICES, 
vol. 46, NO. 2, page 354, by referring to strain 

^^r-i^t-p,i in FIG. ^* 

5 dependence of the barrier at^.^i.. 

n ^v.o onp obtained when the 
The result shown m n^. ' 

applied voltage was 1 V and the silicon oxide reduced 
nl. th.cness was 2 n.. The sUicon oxide reduced 

. , . .. .-H. in FIG. 7 is the film 
thickness on the nori.^uu.a. ^.^ 

10 thickness with which the same dxelec.rxc properties as 

... obtained, and when xt xs absmued 
Silicon uAx^c v^^- - 

t,at the permittivities of silicon oxide and rutUe 
t,pe tuaniu. oxide are . . 0 and 60, respectively, the 
thickness of the titanium oxide fUn whose silicon 
15 „...^de reduced thickness is 2.0 nm coBes to 2.0 n.. « 
60/4.0 - 30.0 m.. It can be learned fro. FIG. 7 that 
the leakage current density in rutrle type titanium 

v^v.c'tIo c;i-rain and 
oxide rises with the xncrease u. .c.^^^^^ — 

drops with the increase of compressive straxn. 



2 0 Example 2 

^r.^-r-^'3V of the second embodiment 
For the expxcinau-.3n ji 

1 _ A. ^ T7Tr;c ft 

of the present invention, reference rs maoe ..o.. - 
and 9 Which show strain dependence of the bandgap of 

. . .,.^Ac and hafnium oxide 

25 bandgap of exther ot zxrcouxuu. -..^^^ 

decreases with the xncrease cf tensxle strain and 
increases wxth the xn.rease of compressxve straxn. It 
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is .eccnized Iron, this that the lea.a.e current 

the case of zirconiu- oxide or hafnium 
oxide, as .n the case of rotile type titaniu. oxide 
described above, rrses wrth the increase of tensile 

5 strain and drops wxlu ...e ^ 



strain. 



Example 3 

The third e,«bc.di.,ent o£ the present invention 
is described «rth reference to FIGS. 10, U and 12. 

. in which the gate 

10 FIG. 10 illustrates ui.^ 

insulator is brought into a state of beih, compression 
strained, by for instance ,rvin, tensile strain to the 
,ate electrode, when tensile strain is exerted tc the 
,ate electrode, its reaction brin.s the aate insulator 
into a state of being compression strained. 

nos. 11 and 12 show a process for producing 
a semiconductor device having the tensile strained gate 

TTTP '0 and the compression 
electrodes shown m Fib. ^0 ana 

. , ........ .vide aate insulators. First, 200 to 

20 300 nm deep grooves are tormea xu .ii. 

type silicon substrate 101, and a sUicon oxide fU. .s 

embedded therein to form snaii.. , 

separating layers 102 |F1=. nW ■ ^ 
aooroximately 30 nm thiC: rutile type titanium oxide 
nim 10. IS forced, by CVH for instance, on the surface 

said silicon substrate 101 IFIG. IIB, . In this 
operation, the fUm forming temperature is preferably 
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can°r If the film forming 
... not lower than 660 C. If tn 

' ^ ..... 660°C, anatase type titaniu. oxx.e 
teinperauuic — -- ^r-i^ in4 

to exist in the titanium oxide film 104 
may be allowed to exist 

, ^r.tn rutile type m the 

it may be phase shi...^ ^^-^ 

, ensuing heat treatment. Phase shift of ti.amum 
,.om anatase to rutile type is attended by a vo.u.^. 

titanium oxide film 104. 

■ im 95 containing 

Next, an amorphous sm^w.. 

._, ...^.H r,n the surface of tne 
0 impurity phosphorus (P) - ...^^^^^ 

„ . . . A/I V.W rvn. The 
.,,..1. tvoe titanium oxiae mm 

;:;:es: of this amorphous Silicon film 3S is made 
.bout 200 nm for instance (FIG. UC) . 

Further, the semiconductor substrate 
. . is raised to 600°C or above to crystallize 

■' . , von filB 95 to form a> polycrystalUne 

the amorphous silicon film 

,UconfUml05. since crystallization of amorphous 
,a<con is attended by volume shrinRege, the 

,-„...ystaUine silicon film 105 formed by the 

. ...„„K. fnto a tensile strained 

.tate, and by the reaction cf this -e....^ ■ 
„,Ue type titaniu.. oxide film 104 is turned into a 

4_ _ T 1 •; ^ p -t- i nn of the 

compression strained state, cryst.n.-.-^ ■ 
.morphous silicon film S5 may be effected by 
-.ntrolUn, the semiconductor substrate temperature, 
' Tnt iaser irradiation may be employed ,.10. n.U 

,hen, usin, a photoresist film as a mas.. 



.......... 104a and gate electrodes 105a of the MOS 

transistors, after which an approximately 2 n. thic. 

. , ...^ a. formed by thermal oxidation or 
silicon oxiae ^xxm 

im o-F the MUb 

♦-,-r^- c:^iTr<~p /dram auuiaiu j.^-- 

CVD. Then an N type s^- 

~^ . ^ t4^v- -^-F r^ho'^nhorus 

transistors is formed by ion imp.anta.x.. .-^^ 

. This N- type source/drain domain 107 is formed as 

self aUgned to the gate electrodes and gate 

_ - • _^ c^iiH .silicon 
insulators. The purpose ot rormxn, ... ^ 

.. ...... ..niT..ze the damage to the silicon 

10 oxide tiim yo x= — - 

DhosDhorus (P) • 
substrate by ion imp^a...cx..--- - . - 

Then silicon nitride 106 is deposited on the 
semiconductor substrate surface to a thickness of 200 
by sputtering or CVD (FIG. 12B, and the depositee 

cidP wal^s 106a of the gate electrodes 
etched to form side wax^s 

and gate insulators (FIG. 12C) . 

Next, the element separating film 102, gate 

diffusion layer 108 is formed by ion 

implantation of arsenic. ru....w 

film 109 is formed by CVD, and in ..as .n-U 

. , , •,1r^ rh reach the surface of 
are formed contact noxe= xx. ^- 

t-hp diffusion layer. 

Although the above-described production 

.ho -=ce involving the N-channel MOS 
process concerns the case mvc 

ran be applied to the case 
transistors, this proces. can be dpp 

^^e used. It can 
where the P-channel MOS tran.xs.o.. - 



25 



# 
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also be applied to the case of using CMOS transistors 

or BiCMOS transistors. 

The gate electrode 105 may comprise, besides 

...H^e =si.ron film mentioned above, a 
the polycrystdlxiiie ^^---i-i 

5 thin fUm of a metal such as tungsten ana .........^ 

^etal compound such as tungsten ni.rxde, or a metal 
sxlicide such as tungsten silicide, or a laminate 
thereof. Sxnce no depletion is produced in the gate 

electrode film made of a lu^.c. 

., ... „....v,io tn reduce the effective 
10 molybdenum, it yuo^^^^ 

: T.4-^v also, tungsten is 

thickness of the gate ^uouxau.^. — ■ • 

tner.all, stable and scarcely causes a change in trl. 
quality in the high-temperature processing after 
formation of the electrode film, m case the films are 
15 laminated with titaniu. oxide and tungsten contacting 
each other, there may be formed tungsten oxide. 
Tungsten oxide has lower permittivity than titanium 
oxide, and formation of such tungsten oxide leads to an 
increase of the reduced thickness of the gate 
. . ... therefore effective to use a tungsten 

nitride or tungsten siiiciae iii -. 

oxidation resistance than the tungsten film. Tungsten 
nitride especially excels m oxidation resistance, m 
case the tungsten nitride film is used for the gate 
25 electrode, it is advantageous to form a two-layer 
structure of gate electrode as shown in FIG. 4. By 
using tungsten nitride for the layer llOSa in FIG. 4, 
contacting titanium oxide, ana by .....o..-g 
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ni2 in FIG. 4) with tungsten which is 
.,,^r-iuina layer (112 m no 

\ \.--....n.P than tungsten nitride, it is 

lower in lcoxo-- 

,.s.Me to o.ta. a .o„-.e..ance .ate e.ec»o e 

^ . .v.e above materials for the 

Tn case or Ubxng 

1 .^K^- into 

^hP aate insulator is ui-^^-- 
5 gate electrode fxlm, the g..^ 

•nn .trained state by controxxiuy .^^e — 
a compression strainea 

ondxtions For example, in the case of the 
forming conditions. t-pnsile 
..ove-.ent.o„ea .etaU a„. .eta. co.poon.s, a tensUe 
.„ined state is produce, .epos.t.n. t.e» 

. ,t a mm forming temperature of .nd 

^ , ...... romoounds is usea 

. film of these metais u. ..... 

.te eiectro., tne rutUe t.e titanium o.r. 
...ator rs .rou..t .to a compression strarne^ 

f reaction. Thus, the rutue type 
bv the force of reaction. 
' aate insulator assumes a compression 

15 titanium oxide gate 

= :r:pia..ea a.., t.e ,ate insuiator iO.a 

„..e ot trtanium oxide ta.es a compression strained 

. , .. ^+-r-:.in or IS m d :=ua^^ 



tensile strained. 



Also, s 



ince the gate ms 



ulator 104a is 



compos 

permi 



,ed of rutile type 
ttivity material, i 



titanium ox: 



v/hich is a 



t is po: 



:sible to increase 



high- 

the 



:5 physica 



1 thickness o 



f the insulator as 



compared with 



the case 



where silicon oxi 



de is us 



and to the 



y prevent 
Further, 



the DT curr 
icause of use 



ed for the insulator, 
•ent from flowing. 
~jt rutile type 
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titanium oxide for the gate insulator 104a, there can 
be obtained an insulator which is thermally more stable 
than when using anatase type titanium oxide for the 

gate insulator. 
5 This makes it possible Lu lessen the 

probability of the electrons passing through tne 
insulator, and to check the increase of leakage 

current . 

Positive avoidance of the gate insulator 104a 
10 from being brought into a state of tensile strain is an 

... .. ^^„,r^r,*-snn increase of leakage 
expedient wdy j-ux t^x. 

current in the gate insulator 104a. For avoiding the 
gate insulator 104a from being turned into a tensile 
strained state, the crystal structure of titanium oxide 
15 used for the insulator is made rutUe before formation 
of the insulating film. This is because according to 
the method in which titanium oxide of anatase type 
crystal structure is made into a film and then turned 
into rutile structure by phase transition, there may be 
„.....oH . rutile structure retaining tensile strain. 

Since the density oi au^Laoe ^yt^- 

smaller than that of rutile type titanium oxide, 
anatase-to-rutUe phase transition is attended by 
volume shrinkage, which involves the risk of generating 
25 tensile strain in the rutile type titanium oxide gate 
insulator . 

A method for confirming the compression 
strained state of the titanium oxide gate insulator is 
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to determine the interatomic distance between the 
titanium (Ti) atom and the oxygen (0) atom in titanium 
oxide by a transmission electron microscope (TEM) . 
When no strain exists, the interatomic distance is 

TKio -inHif-arps that when the 
5 0.196 nm on tne dvei-ayc. ^^^^^ — 

average value of the interatomic distance is qreater 

than 0.196 nm, the rutile type titanium oxide film will 

be in a tensile strained state, and when the average 

. ^;.^,.^e ^s less than 0.196 nm, then said 

value of bd-Lu. u-Lo uc^ix^e -3 

10 film will be in a compression strained state. 
Example 4 

FIG. 13 is a schematic sectional view showing 
the structure of the principal part of the 
semiconductor device according to tne .uu.... .u^.-^-^^--- 
15 of the present invention, which view was taken along 

the line A-A' of FIG. 14 which shows a planar layout of 

the device. 

The semiconductor device of the present 

T/n ..ir.-"ii-= ronnected directly to the 
invention has I/O cir-.^it^ 

exteixid-i- lacvx^v,^ 

be connected to the external devices. These I/O 
circuits and internal circuits comprise single-channel 
MOS transistors, C-MOS transistors or BiCMOS 
transistors. In this Example, for simplicity of the 

1.. „_i:„„ -1-^ 2 comi r-nndi:ctor device 
25 explanation, we mereiy le^c^ - 

which comprises only the N-channel MOS transistors 
having a source/drain diffusion layer of LDD structure. 
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In the semiconductor device of this 
embodiment, as shown in FIG. 13, an element separating 
film 102 made of, for example, silicon oxide is formed 
on the surface of a P-type silicon substrate 101. 

- J ^ -4 -.V. -;T^4-avr^ai r-irrnitrv tormina 

5 There are aiso picjvxucva cl.i ^ 

- - _ -3 T ^ -; >-^T, -i -I- -.-17 f.orTTnina reoion 303 in 
region zuj dna an x/w ^^...^^---j ^ 

which the first N-channel MOS transistor and the second 
N-channel MOS transistor are formed respectively. The 
first MOS transistor formed in the internal circuitry 
10 forming region 203 has a gate insulator 204a and a gate 
electrode 205a. Gate electrode 205a is flanked by the 
side walls 206a which are made of, for example, silicon 
nitride. The main composing material of the gate 
insulator 204a is titanium oxide having a rutile type 
15 crystal structure. Gate electrode 205a comprises, for 
instance, a polycrystalline silicon film, a thin metal 
film, a metal silicide film, or a laminate thereof. In 
Fig. 13, the gate electrode 205a has a laminated 
structure, as one example. 

The first MOS transistor has an N' type 



2u 



25 



aligned to the gate electrode 205a and an N* type 
source/drain diffusion layer 208 self-aiigned to the 
element separating layer 102 and gate electrode 205a. 

When it is supposed that the thickness of 

J rfa*-o -incnlfltDr is 30 nm 

said rutiie rype lilciii±uiu wax-i>- ^^^^ 

and that the permittivities of rutile type titanium 
oxide and silicon oxide are 60 and 4.0, respectively. 
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then the silicon oxide reduced thickness of said 
insulator is 2 nm, provided that they have the same 
dielectric properties. That is, the physical thickness 
of said insulator is 30 nm and its reduced thickness is 

5 2 nm. Theretore, as une ydue ^lio'^^c^^— 

composed of rucile type titani'uir. cxide which is a high- 
permittivity material, it is possible to increase the 
physical thickness of the gate insulator as compared 
with the case where silicon oxide is used for the gate 

10 insulator 204a, and to thereby prevent the DT current 

i.i.UiLL J. .1. v> vv . 

The second MOS transistor formed in the L/0 
circuitry forming region 303 has a gate insulator 304a 
and a gate electrode 305a which is flanked by the side 
15 walls 306a made of, for example, silicon nitride. The 
gate insulator 304a comprises a silicon oxide film 
which is, for instance, 5 nm thick, or a laminate of a 
silicon oxide film of for instance 3 nm thickness and a 
30 nm thick rutile type titanium oxide film. Supposing 

. • r^f v-n-hiie tvoe titanium oxide 

?0 that the permittivities oi ^yb^^ 

ana siiicuu u^x^c ci.lv. v.^. ^ — -- . 

silicon oxide reduced thickness of said laminate is 5 

A, provided that they have the same dielectric 
properties. Thus, the physical thickness of said 
25 insulator is 35 nm and its reduced thickness is 5 nm. 

As shown m Fig. 13, tne gaLe eitsu^.w^o ^^^^ 

laminated structure, as one example. 

Each gate electrode 305a may comprise, for 



s; 
nm, 
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example, a polycrystalline silicon film, a thin metal 
film, a metal silicide film, or a laminate thereof. 
The second MOS transistor has an W type source/drain 
diffusion layer 307a formed as self-aligned to the gate 

rA =r> M- sonrre/drain diffusion 



5 electrode 305a, aiiv-. 



1 .-r -!OQ ■F-^-.-TPoH ad c;pl f -a 1 i oned to the element 

separating layer 102 and the gate electrode 305a. 

In the above, the gate electrodes 205a and 
305a have the laminated structure, but needless to say, 
10 these gate eiectroaes are nut j-xirixucd ■.x.e^t-^>^ ^..^ ^^^^ 
take other structures. 

A layer insulating xixm iu3 pj.uvxva<=^ 
the surface of this semiconductor device, and in this 
insulating film are formed contact holes 210, 310 which 
15 reach the N' type source/drain diffusion layers 208, 

308, respectively. 

In the first MOS transistor formed in the 
internal circuitry region, a high-permittivity film is 
used as the gate insulator like the MOS transistors 
20 shown in Example 1. Also, the gate length is shortened 

suited for high-speed operation. 

The MOS transistor for the I/O circuits is 
not so strongly required to have adaptability to high- 
25 speed operation as the MOS transistors of the internal 

. t ^ ^ ^-;^^ii-i+-cr fr^-r n^^lrn Nation)/ and is rather 

circuits \t;.y. • 

required to be resistant to high voltage in the event 

of application of high voltage to the gate. Therefore, 
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the second MOS transistor formed in the I/O circuitry 
region has a silicon oxide gate insulator 304a having a 
thickness of 3 nm or greater. A silicon oxide film of 
3 nm or greater thickness is useful for reducing both 

. Tv,,7c 1-he second MOS 

5 of DT current ana tr^ cuLJ-eii-. j.^^--, 

v,^^h Tfoiraae aoolied between 
transistor is resj-sLonu .^^y ^- 

the gate electrode and the substrate and highly 

reliable in use as a transistor for I/O circuits. 

According to this embodiment of the present 
10 invention, the MOS transistors suited for high-speed 
operation as an internal circuit element and the MOS 
transistors showing high resistance to high voltages as 

I/O circuit element are both provided on the same 
substrate, so that it is possible to provide a 
15 semiconductor device with high reliability and low 

production cost. 

The gate insulator 204a made of titanium 
oxide is preferably m a compression strained state. 
This makes it possible to increase the gate insulator 
90 bandqap as compared with the case where no strain 

exists OI Lilt: J.XX1LL 

Example 2, and consequently, it becomes possible to 
lessen the probability of the electrons being allowed 
to pass through the insulator, and to thereby check 
25 rise of leakage current. 

... 1 -incnlatina film 
A single or moie xayc^^ 

made of silicon oxide, silicon nitride, silicon oxide 
nitride or the like may be formed between the silicon 



an 

SI 
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substrate 101 and the gate insulator 204a. The 
thickness of such an insulating film, however, is 
preferably not greater than 0.5 nm for securing high 

permittivity of the gate insulator. 

. «i ^--t-r-^rioc 7nsa. "-iOha Ttiav be 

b riibU, Lilt: yauc = -^^^ ■_ j. v/^- - / - - - 

' - - T- ■"•"ya 1 3Tro-rc 3C ch^WH in FIG. 4. 

rornieu j-n lwu ur m^j.^ j-v^j^-w — _.i_vv-i 

Thus, according to the present invention, the 
gate insulator made of rutile type titanium oxide is in 
a compression strained state, and its bandgap is 
10 greater than provided when no strain exists or when the 
insulator is tensile strained. This contributes to 
lessening the probability of the electrons to pass 
through the insulator, making it possible to check the 
increase of FN leakage current and to provide a 
15 titanium oxide gate insulator structure which checks 
the flow of leakage current. It also becomes possible 
to provide the sem.iconductor devices with high 
reliability m a high yield. 

Example 5 



according to the fifth embodiment of the present 
invention and its production process are explained with 
reference to FIGS. 15 to 21. 

First, the construction of the semiconductor 

25 device accoramg 1:0 Liiib tiiiLuo-uxin^iiu ^^^^^^^ 

referring to FIGS. 15 and 16. 

FIG. 15 is a schematic se::tional view 
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showing, in section, the structure of the principal 
part of the semiconductor device according to Example 5 
of the present invention, which view was taken along 
the line A-A' of FIG. 16 which shows a planer layout of 

• ^-F coTTii rnnriiirtor device of the 

b tne pi xiicipaj. i-'Qj- u — - " - 

instant embodiment. 

In the semiconductor device according to this 
Example, as shown in FIG. 15, an element separating 
film 102 made of, for example, silicon oxide and an 
10 element forming region 103 are formied on the suriace ui 
a P-type silicon substrate 101, and N-channel MOS 
transistors are provided in said element forming region 
103. 

Each MOS transistor has a gate insulator 104a 
15 and a gate electrode 105a flanked by the side walls 

106a made of, for example, silicon nitride. Said gate 
insulator 104a is mainly composed of titanium oxide 

^v-wc-i-ai =:trurture. The gate 

Having an andLase ^y^e ■^^y^-^^ ^ — ^ - 

electrode 105a comprises, for instance, a 

20 polycrystalline silicon film, a thin metal film, a 



illC; U LA -I 



The MOS transistor has an N" type source/drain 
diffusion layer 107a formed as self-aligned to the gate 
electrode 105a and an type source/drain diffusion 
25 layer 108 formed as self-aligned to both of the element 

im -,r^A rtai-d plprtrode 105a. 

separating xaytii s-^^ ^--^ 

A film 20 having tensile stress is formed on 
the surface of the MOS transistor. This tensile 
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stressed film 20 is made of, for instance, silicon 
nitride. By this film 20, the channel region 10 of the 
silicon substrate is brought into a tensile strained 
state to lessen the effective mass of the carrier and 

. 1 _ „ ^-F r^ciTT-i Thp 1-pn.sile stressed 

oo ->ic;.-. r^.v-r>r^n/-oe -honcjiip strain In the aate 

insulator. 

A layer insulating film 109 is formed on the 
surface of this sem.iconductor device, and in said 
10 insulating film 109 are provided contact holes 110 
which reach the type source/drain diffusion layer 
108. 

The thickness of the anatase type titanium 
oxide gate insulator 104a is, for instance, 30 nm. 

15 Assuming that the permittivities of anatase type 
titanium oxide and silicon oxide are 60 and 4.0, 
respectively, then the silicon oxide reduced thickness 
of the gate insulator 104a is 2 nm, provided that they 
have the same dielectric properties. Namely, the 

20 physical thickness of the insulator is 30 nm and its 

is 2 nm . 

Thus, in the semiconductor device according 
to the instant embodiment of the present invention, the 
25 gate insulator 104a is composed of anatase type 

r>r (-« _r-.Q r-m ift'-iwifx; material, 
titanium ox±ae wii-L'^n xo a xi^^i^ j^^^...^^^^. — j 

so that it is possible to increase the physical 

thickness of the gate insulator 104a as compared with 
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the case where the insulator is made of silicon oxide, 
and to thereby prevent the DT current from flowing. 

Also, since titanium oxide whose main crystal 

structure is anatase type is used for the gate 

.■ - iuT^ i-^ -m-aVo i-Vio in=;iriarnr bandaac 

b insulator, il -Lt= y^^^^^^^ .u^--v- • - - 

greater than provided when using rutile type titanium 
oxide. Further, even if tensile strain is given to the 
gate insulator, the anatase type bandgap is greater 

^-.,^c. HanHrfan. SO that it is possible to 
10 inhibit the rise of tunneling current due to tensile 



c-t- ■r;a 1 n 



Here, tensile strain dependence of anatase 
type titanium oxide used for the semiconductor device 
in the instant embodiment of the present invention is 
15 discussed in comparison with the properties of rutile 
type titanium oxide by referring to FIGS. 17 to 19. 

First, tensile strain dependence of the 
bandgap of titanium oxide is explained with reference 
to FIG. 17. 

20 FIG. 17 is a graphic illustration of tensile 



3 Li- axil ^^t-^^. 



the graph, tensile strain E (I) is plotted as abscissa 
and bandgap Eg (eV) as ordinate. Solid line A 
represents anatase type and solid line B represents 
25 rutile type. 

, 1 -f^v-^TY, vin. M hn1-h nf 

As will oe unutiL s uuui-i j-j-wiu ^j.^. -- 

the bandgap Eg''' ( £ ) of rutile type titanium oxide R and 

the bandgap Eg'' of anatase type titanium oxide A 
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decrease as strain is accumulated, but Eg" ( B ) never 
JDecomes smaller than Eg^ ( t ) . 

Next, tensile strain dependence of barrier 
height of titanium oxide is explained with reference to 
5 FIG . 18. 

FIG. 18 is a graphic illustration of tensile 
strain dependence of barrier height of titanium oxide. 
In the graph, tensile strain e (%) is plotted as 
abscissa and barrier height <I>b (eV) as ordinate. 

10 Positive strain indicates tensile strain ana negauive 
strain indicates compressive strain. Solid line A 
represents anatase type and solid line B represents 
rutile type. 

Here, it was assumed that barrier height 

15 ( £ ) was proportional to the bandgap Eg shown in FIG. 
17, and barrier height of rutile type ^^"^ (£) was 
calculated from the following equation (1) while 
barrier height of anatase type ^^J" ( £ ) was calculated 
from the following equation (2) . 



^ d)/ (8 = 0) X Eg-^ (H)/Eg" ( £ - 0) (2) 



Here, ^^"^ (£ = 0) is barrier height of rutile 
type when there existed no strain (£ =0), and it was 

^,.v.v.^c.^H ^h^-h (J)- (F ^ 0) = ].0 eV. This value is 
25 barrier height of rutile type titanium oxide of the 
bulk obtained in the experiment. 
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It is desirable for making the calculations 
with higher precision to use the following equations 
(1') and (2') in place of the above-shown equations (1) 



and (2) 



A , .^ _ E") (2') 



( E ) = 1/2 ( £ ' "9 

erein E," is bandgap of silicon and = 1.1 eV. 



B 



AS is seen from FIG. lb, barrier height of 

..... ....n^nT. oxide, 5>.^ (e), and barrier height 

ruLi-L*i L-^--* 

10 of anatase type titanium oxide, a ) , decrease as 

1 vmii- O ( £ ) never becomes 

strain is accumulated, but ^ ' 

smaller than <I>b'- ( ^ ) • 

Next, tensile strain dependence of the 
leakage current density of titanium oxide is explained 

15 with reference to FIG. 19. 

, . . J T 1 -i r>-n nf tensile 
FIG. 19 is a grapnic x±±^o^-^^— 

strain dependence of the leakage current density of 
h.rrier height of titaniuir. oxide. In the graph, 

tensile strain c r 

20 current density (A/cm^) as ordinate. Positive strain 
indicates tensile strain and negative strain indicates 
compressive strain. Solid line A represents anatase 

type and solid line R represents rutile type. 

. 1^ T.rv^r^-n i-b*:^ ;^nDlied 

FIG. 19 shows tne le^uxu -.x^.x ^..^ . 

25 ^roltage was 1 V and th. silicon oxide equivalent 

thickness Of the fil. was 2.0 n„. The silicon oxide 
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equivalent thickness on the horizontal axis in FIG. 5 

is the filni thickness at which the same dielectric 

properties as silicon oxide can be obtained. When it 

is assumed that the permittivities of silicon oxide and 

■ , ..J ^^ri^n i i) snd 60/ 

5 rutile type uiLdnxuiiL --- - 

respectively, then the titanium oxide film thickness 
whose silicon oxide equivalent thickness is 2.0 nm 
becomes 2.0 nm x 60/4 = 30.0 nm. 

It is seen from FIG. 19 that the leakage 
10 current densities of rutiie typ« u.ua...^. ^- 

anatase type titanium oxide rise up monotonously as the 
strain increases, but even if the strain is exerted, 
the leakage current density of anatase type titanium 
oxide remains smaller than that of rutile type titanium 

15 oxide. Thus, even if tensixe sLia.n xo a^^^^^ 

gate insulator as a result of impartation of tensile 
strain to the channel layer, it is possible to inhibit 
the rise of leakage current as compared with the case 
where rutile type is used, by using anatase type 
20 titanium oxide for the gate insulator. This leads to a 

A method of producing the semiconductor 
device according to the instant Example is described 
with reference to FIGS. 20A to 20F which are a flow 
25 chart showing a process for producing the semiconductor 

^. nf thP oresent invention. 

device accoramg lu iLAamj---L^ ~. —- . 

First, as shown m FIG. 20A, 200 to 300 nm 
deep grooves are formed in the surface of a P-type 
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silicon substrate 101, and silicon oxide films are 
en^edded therein to form shallow-groove element 

separating layers 102. 

Next, as shown in FIG. 20B, an approximately 

. ^^^-,^.;,,-m r>virlA film 104 is 

5 30 nm thick anatase type Li^a.i^^- - 

■r <-v,-> cr-ii-ir'nn substrate 101 by 
formed on the surrace ^..^ — 

CVD or other suitable method. In this operation, the 
film forming temperature should be not higher than 

, , ...^ v.^v,^^ ^han 330°C. If the film 
460°C, preteraDiy hul h-lmii^- 

10 forming temperature is over 460^C, there is a 

possibility that rutile type titanium oxide be mingled 
in the titanium oxide film 104 when it is formed. If 
the film forming temperature is below 330°C, it is 
likely that anatase to rutile phase transition would 
15 take place in the ensuing heat treatment at around 

850°C. An r type polycrystalline silicon film 105 with 
a thickness of about 200 nm is formed on the surface of 
the anatase type titanium oxide fxlm 104 by CVD or 
other suitable means. 

Then, as shown in FIG. 20C, the 
poiycrysraixj-iit; o-l^-l^wx. ^ - 

titanium oxide film 104 are etched through photoresist 
masking to form gate insulators 104a and gate 
electrodes 105a of the MOS transistors. This is 
25 followed by formation of an approximately 2 nm thick 

. - , .V T H -i nn or CVD . An 

silicon oxide film ^b oy Lheimax w^.^^.^— -- 

N- type source/drain region 107 of MOS transistor is 
formed by ion implantation of phosphorus. This r type 
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3ource/drai„ region 107 is de..,ned as seU-aU,ned to 
... electrodes and ,ate isolators. The purpose 

of £or.in, the silicon oxide film 96 is to lessen the 
damage to the srUcon substrate by ion implantation of 

5 phosphorus. 

Then, as shown m tib. ^uu, a ^ 

silicon nitride fil. 106 is fomed on the surface of 
the semiconductor substrate by sputtering or CVD. 

Further, as Ulustrated in FIG. 20E, the 

., .... ..1. m^; and silicon oxide film 96 are 

10 silicon nitride j-j-xxu 

...nc infia flanking the gate 
etched to form tne bxuc «u.^^ ---- 

electrodes and gate insulators. 

Finally, as shown in FIG. 20F, an type 
source/drain diffusion layer 108 is formed by ion 
,5 implantation of arsenic through masking of element 
separating fil. 102, gate electrodes 105a and side 
.alls 106a. Further, a 200 nm thick silicon nitride 
fil. 20 is deposited on the semiconductor substrate 

r^-l+-r-irlp film formed by 
surface by CVD. This silicon nitride 

, ..n.ile stress, whereby the channel 

section 10 of the silicon suds.i».= - 

insulator 104a are also pulled and brought into a 
tensilely strained state. A layer insulating fU. 109 
is fomed by CVD, and m this insulating fil. are 
,3 formed contact holes 110 which reach the surface of the 
diffusion layer. This completes formation of the 
principal part of the semiconductor device according to 
the instant embodiment shown in FIG. 15. 
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The above-described production process 
concerns adaptation of the N-channei MOS transistors, 
but this process can also be applied to the structures 
involving the P-channel MOS transistors, CMOS 

5 transistors or BiCMOS LidnsistorG . 

.n-_4-^„-i- inc;a Tna\7 comorise, besides 
The gate exei-i-ru^c — j 

a polycrystalline silicon film mentioned above, a thin 
film of a metal such as tungsten and molybdenum or a 

, -K..r.^ci-^n nii-ride and tungsten 
metal compouna ^uun ao 

10 boride, a film of a metal sxlicide such as tungsten 
silicidc, a luthenium oxide film, or a laminate 
thereof. Use of these materials is conducive to the 
reduction of resistance of the gate electrodes. In a 
structure where a ruthenium oxide film and a tungsten 
15 oxide insulating film are placed in contract with each 
other, an improvement of thermal stability of the 
titanium oxide gate insulator can be expected. 

Since anatase type titanium oxide is 
thermally unstable in comparison with rutile type as 
.0 mentioned above, there may take place anatase-to-rutile 
phase transxLxuii xn oxx..^.- ^ - 

after film formation. However, in this eittoodiment of 
the present invention which features anatase type main 
crystal structure of the titanium oxide gate insulator, 
25 even if the film contains several to around 10% of 

iw -,-F-Fo^+-e; the effect of 

rutile type, such matter scc^lo^xj, c....^^-- - - 

the instant embodiment of the invention and falls 

within the range of concept of the present invention. 
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AS explained above, in the semiconductor 
devme according to the present Example, since the 
channel region of the silicon substrate is in a 
tensilely strained state, the effective mass of the 
5 carrier electrons is reduced and a high-speed 
semiconductor device is realized. 

Further, in this Example of the invention, 
since the maxn crystal structure of the titanium oxide 
gate insulator is anatase type, xt xs possible to make 
10 the bandgap of the gate insulator greater than 

. Ai=?o, even if tensile 

available witn tae luuxxc .jt--- 

strain is exerted to the gate insulator, the anatase 
type bandgap can be made greater than the rutile type 
bandgap. This makes xt possxble to check the rxse of 
15 tunneling current due to tensxle strain and to thereby 
lessen power consumption of the device. 

Accordingly, reliability of the semiconductor 
device is enhanced and, as a result, xts yield is 
elevated. 



20 Example 6 

The structure of the semiconductor device 
according to the sixth embodxment of the present 
invention is explained with reference to FIG. 21. 

FIG. 21 is a schematic sectional view showing 
25 the structure of the principal part of the 

semiconductor device according to Example 6 of the 
present xnvention. The reference numerals used xn the 



4 
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. .... ....PSDond to those in FIG. 15. 

_ .„K.Hin,P.nt, as shown m FIG. 21, an 

m Liixo ^.^—-^ — 

H Of for instance, silicon oxide, 
insulating f ilia made of, for X ^^^,,taniuia 
... .....H. or silicon oxxde nitrxde, or a --t 

SI ilCUU iixL.^- , 

, -^paip or more layej.- 
m is formed m sj-ngxe 
silicate film Hi is i 

.„Hstrate 101 and the titaniu^u 
l^gtween the silicon substrate 

. in4a The thickness of such an 
oxide gate insulator 104a. 

Ul is preferably not greater tnan 
insulating film m P of 
... providing the desired aiex...^^^ P--^ 

said film between 
. ^r=ulator. The presence of said 

10 tne yc^ue .n.a ^ oxide gate 

. n substrate 101 and tne ...^ 

rsuliris conducive to the improvement of thermal 

Tt is possible with this embodiment, too, 
. .nd a reduction of power consumption 
,5 realize speed-up and ^^^^^ 
the semiconductor device. It is 

.... nf the device and, consequently, to 
enhance reliability of the 

raise the yield. 



t-ViP semiconaucuuj. v^. 

The structure of the semi 

he seventh e*od..ent of the present 

accordxi.y - ^ ^ 

• Hpscribed with reference to - • 

invention is describe ^^^^^^^ 

FIG. 22 is a schematic sectional vi 

^ tor device according to Example / of tu= 
25 semiconductor device ,„ the 

present invention. The reference numerals 
drawing correspond to those used in FIG. IS. 
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^ ,s shown in the drawing, 
T„ fhls entoodlment, as sho 

,._do£thenl.s ICaana 
,ne ,ate alec..... - ^^^^ o£ 
U2 in two or .ore layer . ^^^^ 
,.nioide, thesame«aterr„. asus 

/Tin tungsten ■v'^*/ 
. in5a, aVoiranum (Ai)' rpalizing 

— e-oodl.ent, too, - "^^"^ " ^ 

, , reduction o£ power oonsuBption o£ 
speed-up and a reliability o£ the 

j.,,ire Accordingly, reii 
semconductor dev.ce. ^^^^ 

.,.„....or device is enhanced a. 

seraicuiiv^"-"-- 

10 raised. , ._.+-nod bv those 

will be further uuu... ^ _^ 

■ , that the foregoing description u.. 
3KiiIed in the art tha ^ ^^^^ 

,een .ade on e— s of 

. .....es and laodifications may be ^ 

various — — onirit ot tne 

" ^^^t:t 

invention and the scope of 



